Observations and modeling of terrestrial water cycle is important for sustainable management of water resources as well as understanding the impact of climate change. Satellites provide an important role in measurements of various dimensions of water cycle components in spatio-temporal domain. Paper reviews the scientific basis and techniques of retrieval of various hydro-meteorological parameters (Rainfall, Soil Moisture, Evapo-transpiration, Groundwater, Water level, Surface Runoff, conjunctive water utilization and Water quality etc.) which are estimated using advanced satellite based instruments (Altimeter, Radar, Optical and Microwave Radiometers). Variability of various hydro-meteorological parameters and recent satellite based observation on flood and hydrological drought condition in selected regions over India isdiscussed.
Introduction
Water is important for the habitability on the Earth and existence of life. The average annual rainfall including snowfall in India is 4000 Billion Cubic Meters (Kumar et al., 2005) but availability of per capita fresh water is major concern as the population continue to increase in future (Mall et al., 2006) . Water security and management requires information ranging from regular inventory of surface water bodies (Panigrahy et al., 2012) to assessment of rainfall, soil moisture, evapotranspiration, ground water and snow melt runoff (Rao et al., 2013) . Hydrological drought and flood forecast during extreme weather events become important for planning and water resource management.
Modeling different components of water cycle requires measurement of water which can exist in all the three phases of matter i.e. solid, liquid and gas (Green et al., 2006) . Satellite provides an important platform from where measurements can be done in any part of electromagnetic spectrum suitable to detect different phases of water over a large region not feasible through sparse network of surface-based instruments. Instruments on Earth Observation systems have been extensively used to measure hydrologic and hydraulic variables such as water spread area, elevation of water surface and temporal changes (Douglas et al., 2007) . Seasonal monitoring of reservoir spread, conjunctive water uses and water management practices associated with transplanting operations helps in irrigation scheduling (Douglas et al., 2007; Gupta et al., 2009) . Satellite observations are regularly used to generate snow cover map which help in snow melt runoff estimation (Jain et al., 2010) . Satellite data has been used to study the changes in the extent of Himalayan glaciers inventory and their monitoring in terms of whether they are retreating or being stable over the time is another important contribution of space technology towards understanding the climate change signals (Bahuguna et al., 2014) . To provide safe drinking water to hundred thousands of villages, ground water prospect maps were generated using satellite data conjunctively with ground information showing probable regions where wells can be drilled (Jaiswal et al., 2003) . Groundwater prospects maps at 1:50,000 scale using IRS-1C/1D LISS-III data for entire country was generated under the project titled "Rajiv Gandhi National Drinking Water Mission". Remote sensing data along with Geospatial technology have helped planning of water resources by the respective water management boards.
Hydrological remote sensing is carried out using measurements from various Indian satellite platforms such as SARAL-Altika Mission (Gairola et al., 2015) (Inland Water level), RISAT-1 SAR Mission (Misra et al., 2013) (Entekhabi et al., 2010) Mission and Tropical Rainfall Measuring Mission (TRMM) etc also provide valuable datasets to model the water fluxes over India. Scientific rationale of estimation of various hydrological parameters using satellite data is discussed in following sections.
Physical Basis for Remote Sensing of Water Resources
Remote sensing generally refers to the technology of observations of earth using sensors placed on aircraft or satellites platforms. These sensors employ active as well passive sensing system. Active systems have their own source of illumination (Radar, Scatterometer, Altimeter) whereas passive systems sense natural radiations, either reflected or emitted from the earth. In active remote sensing, generally instruments (Radar, Scatterometer) measure back scattered signals from target however Altimeters use the time delay in propagation of the incident signal to infer the topography (elevation, water level) of the surface. Short pulse of electromagnetic wave is transmitted and received by Radar from space platform and range between the satellite and earth surface is measured by precise orbit computation and correcting atmospheric and geophysical signals.
In the active microwave remote sensing, information about the object's physical structure and electrical property is retrieved by analyzing the backscattering signal. The electromagnetic radiation is used as an information carrier in remote sensing. Instruments operate in optical (Cameras, Spectroradiometer), infrared (Thermal radiometers) and microwave (Radar, Altimeter, Scatterometer etc.) wavelength ranges. Microwave remote sensing provides the observations of earth's hydrological cycle regardless of day/night and atmospheric conditions. Water being a polar molecule has very high sensitivity in microwave wavelengths due to orientation polarization property. The microwave signature of the object is governed by sensor parameters (frequency, polarization, incidence angle) and physical (surface roughness, feature orientation) and electrical (dielectric constant) property of the target (Srivastava et al., 2009) . The surface water extent is detectable on radar backscatter image due to high contrast between smooth water and rough land surface ( Figs. 1 and 2 ). Radar operated in interferometry mode helps in mapping the surface topography. Radar interferometry works on the principle that the position of a point on the Earth's surface can be reconstructed from the phase difference (interferogram) between two complex-valued SAR images achieved by coherently processing the backscattered signals (phase) recorded by the two antennas. Shuttle Radar Terrain Mapper (SRTM) used interferometric technique to derive global digital elevation model (DEM). DEM information when coupled with other remote sensing data and terrain models provide valuable inputs in hydrology.
A Passive sensor consists of only a receiver. Emitted radiation from manmade or natural targets is received and processed by the radiometer to infer the target properties.Any object above absolute zero temperature emits electromagnetic radiation. Thus the objects we see around, including ourselves are thermal radiators. An ideal substance is called blackbody which absorbs the entire radiant energy incident on it and emits radiant energy at the maximum possible rate per unit area at each wavelength for any given temperature. The spectral radiance (M  ) being emitted by a blackbody at given  and Temperature T is given by Planck's Radiation Law. where k is Boltzmann's constant,  is emissivity of the body at absolute temperature T and wavelength . Emission from a body in microwave region at particular wavelength is proportional to the brightness temperature. Brightness temperature observed over a region which is product of physical temperature and surface emissivity is used to infer many geophysical properties. Brightness temperature are lower when measured over moist surface as compared to brightness temperature observed over dry surface. Modeling of multi frequency vertical as well as horizontal polarization brightness temperature (from SSMI, AMSR-E type of radiometers) with respect to varying soil moisture content and other surface characteristics is carried out to retrieve the surface soil moisture (Singh et al., 2010) (Fig. 3) . Lower frequencies (L band in SMOS and SMAP) is Remote sensing in thermal infrared region of electromagnetic spectrum helps in retrieval of land surface temperature (LST) which governs Earth's surface water budget and is commonly required in many hydrological applications (Norman and Becker, 1995; Li and Becker, 1993; Pandya et al., 2014) . Various Indian National SATellite (INSAT-1A, 1B, 1C, 1D, 2A, 2B, 2E, 3A, Kalpana-1, 3D) systems on geostationary platforms have carried Very High Resolution Radiometer (VHRR) payload with a thermal infrared (TIR: 10.5-12.5 um) channel for more than two decades. Currently Kalpana-1, INSAT-2E and INSAT-3D are operationally providing data every 30 minutes (Fig. 4) .
Information collected by satellite based multi spectral sensors in visible part of electromagnetic spectrum allows discrimination of different land cover types and their biophysical properties (NDVI, Leaf area index etc.). Distinct spectral signatures in Blue, Green, Red, Near Infrared and Mid Infrared spectral channels, help in estimating the changes in snow cover and information on Glacier status. Information on water quality in terms of turbidity, chlorophyll and total suspended sediments (TSS) can be derived by analysis of spectral signature of water in different bands (Dekker and Peters, 1993) . Clear water generally absorbs higher wavelength (Red, NIR) in comparison to low wavelength (Blue and Green) region. Increase in turbidity increases reflectance characteristics more in higher wavelength region (Moore, 1980) . Figure 5 shows the colour composite of India through mosaic of observation from Resoucesat-2 AWIFS sensor. It distinctly shows how different land cover types can be assessed using optical data.
Retrieval and Modeling of Hydro-Meteorological Parameters
Major focus of remote sensing research in hydrology is to develop integrated satellite system and techniques for retrieval of different hydro-meteorological variables and assimilate these input in different process based hydrological models for specific applications. The land water balance accounts for over all change of water storage (S) which is difference between incoming amount of precipitation (P) and amount of water loss in the form of ET and Runoff (R) with respect to time (Khan, 2016) .
The process can also be described in energy balance term as
Where Rn is the net radiation, G is the soil heat flux, H is the sensible heat flux and LE is the latent heat flux. The quantity Rn-G is known as available energy. ET and LE represent the same water vapour exchange rate in surface atmosphere interface. Brief account of approaches for retrieval of different hydrometeorological parameters and their variability over India is discussed in following sections.
Precipitation
Information on precipitation is most important in any hydrological applications. There are broadly three techniques by which rainfall can be estimated using satellite data (Upadhyaya and Ramsankaran, 2013 the first approach cloud top temperature brightness temperature in thermal Infrared spectrum observed from Geostationary satellite are correlated with surface rain rate observations (Arkin and Meisner, 1987) . This technique is based on the fact that heavier rainfall is associated with cold cloud top and generally seen as thick cloud in visible imagery.
Microwave technique of rainfall estimation depend on concept that rain droplets lead to increase in microwave emission over the low background emission water surface (ocean) in low frequencies (20 GHz) (Varma and Pal, 2012) . Such principle does not apply over the land surface which has higher background emission. High frequencies (> 35 GHz) of Microwave is used to estimate rainfall over land as scattering caused by precipitating ice particles leads to a decrease in MW radiation in comparison to high background signal. Hence depending on the situation passive microwave technique is divided into emission type algorithm and scattering type algorithms. Precipitation Radar (PR) onboard TRMM satellite uses active microwave technique to estimate the rainfall rate using backscattering of radar signal from rain droplets. Global Precipitation Measurements (GPM) is an international initiative as a follow up of TRMM for monitoring of rainfall. Figure 6 (A) shows the rainfall variability over India using dual frequency precipitation radar and GPM microwave imager data. INSAT-3D satellite provides regular rainfall estimate over Asian region using Hydro estimator and Multi spectral techniques (Pal et al., 2013) .
Soil Moisture
Soil moisture influences meteorological and climatic Fig. 6(C) shows the variability of soil moisture using AMSR-2 observations over India during 2014.
Evapotranspiration
Observations on Evapotranspiration (ET) is important for water management for planning and adjusting distribution of water. ET provides a measure of water loss from land to the atmosphere over space and time and varies significantly due to local controlling factors. ET can be estimated using weather data driven approaches, soil moisture measurements, and surface energy (Bastiaanssen et al., 1995) 
Ground Water
Providing safe drinking water to hundred thousands of villages which lie in drought prone areas is an important requirement related with water security. The remote sensing data along with ground survey information provides information on the geology, geomorphology, structural pattern and recharge conditions which ultimately define the groundwater regime Groundwater distribution is subject to wide spatio-temporal variations depending on the underlying rock formations, their structural fabric and geometry, surface expression. Ground water rechargeable areas are those which have porous lithologies, maximum fractures, highly weathered region and associated flood plains. Satellite data along with field survey knowledge have been used to generate Ground water prospect maps showing probable regions under Rajeev Gandhi National Drinking Water Mission. These maps show yield range at different depths besides indicating sites for recharging aquifers and water harvesting structures.
Tracking the Low Earth Observation satellites and their orbital dynamics helps to define the earth's global gravity field. The time varying gravity field mapping helps in monitoring of hydrological mass redistribution through their integrated gravitational effect. Gravity Recovery And Climate Experiment (GRACE) Mission sense changes in gravity field by the twin GRACE satellites, and GPS networks. The Mission provide combined indirect and direct effect of all mass redistributions and mass variability within the Earth and its fluid envelops. GRACE observations provides changes in vertically integrated stored water, which includes variations from snow pack, glaciated areas, surface water, soil moisture, and ground water at different depths (Longuvergne et al., 2010) .
Analysis of multiyear observations from GRACE mission have provided important information related with depleting ground water in various pockets of earth including parts of northern India (Tiwari et al., 2009) . Agrawal et al. (2014) has observed decreasing trend in water equivalent height (WEH) in Ganga and Brahmaputra basins.
Surface Water Level
Water level is an important hydrological quantity required to budget the fresh water availability. Satellite altimetry is active remote sensing technique for systematic monitoring of water levels of reservoirs, lakes and rivers. Satellite altimetry technique was originally started for assessment of ocean topography but recent instruments on JASON, SARAL Altika, Jason-3, Sentinel-3 and future missions such as Surface Water and Ocean Topography (SWOT) mission are designed to study the inland water bodies also.
Radars onboard satellite emit pulses towards nadir and receive the echo by water surface. The half time span for pulse reflected back to mission corresponds to distance () between satellite and earth surface. The height H of the reflecting water body with reference to geodetic reference is given as
Where a s is the satellite altitude with reference to reference ellipsoid. Other terms reference to corrections related with delayed propagation through the atmosphere (C dry and C wet ), the interaction with ionosphere (C iono ) and solid earth tides (C st and C pt ).
Radar altimeter onboard ISRO/CNES SARAL -AltiKa mission provides important information of water level for rivers and large reservoirs at 35-day repeat interval (Gupta et al., 2105; Dubey et al., 2015; Papa et al., 2012) . Observations of water level in Ukai Reservoir from 2013 to 2016 show lowest water level condition in 2016 indicating hydrological drought situation (Fig. 7) . Analysis showed that amount of water volume availability was found to be less by19.8% in the current year (April 2016) as compared to last year (April2015) whereas it is 88.5% less in comparison to 2014 for the same time frame over the Ukai Reservoir. A flood wave of 5.93 m, was estimated during two passes (4 th May to 9 th June 2015) of SARAL-Altika over Brahmaputra river. This is the highest water level measured in this location since inception of SARAL-Altika (Feb 2013).
Satellite altimetry (Dubey et al., 2014) has been used to study the river stage and its discharge using rating curve relationship. Papa et al. (2010) estimated monthly discharges from Ganga and Brahmaputra rivers using TOPEX-Poseidon (T/P), ERS-2 and ENVISAT satellite altimetry data. Biancamaria et al.
[50] also studied water levels at upstream locations in India using T/P altimetry data to forecast the water levels of Ganges and Brahmaputra rivers. Frappart et al. (2005) have determined spatio temporal variations of water volume in Negro River basin using area variations from SAR data and changes in water level from T/P altimetry data. Satellite altimetry also allows to model flood water propagation when combined with other satellite data and hydrological model. Fig. 8 shows the modeling of flooded area in North Gujarat, India in July 2015.
Surface Runoff
Runoff is an integrated effect of rainfall, topography, soil and land cover conditions. Runoff is modelled by combined use of satellite derived parameters such as precipitation, topography, LULC and land surface characteristics using simple rainfall-runoff simulation approach; Natural Resources Conservation Service (NRCS) runoff curve number (CN) method. Using antecedent moisture conditions, time-varying NRCS-CN values are determined. River water levels estimated using altimeter data (SARAL-ALTIKA, Jason-2) are used for the validation of the model results. Information on spatial and temporal variations of runoff is important in understanding the surface water on regional scale. Study has been carried out to model (Gupta et al., 2016 ) the surface runoff with integration of remote sensing derived parameters during monsoon period (May to October) of . Conceptual modified curve number model was used for the determination of rainfall and runoff trends (Fig. 9) . It was found that runoff amount ranged from 527.3 mm to 256.4 mm, highest being in the year 2005, which accounted for the 40.3 % of the mean rainfall in that year and the lowest being in the year 1972, which accounted for 32.3% of the mean rainfall in the respective year.A significant increasing trend was observed in 12 medium river basins (13.6 mm/yr observed in Kameng basin) and a decreasing trend in 9 other basins (-21.4 mm/yr observed in upper Tista basin).
Conjunctive Water Uses
Improving the water use efficiency in irrigated systems integrating satellite inputs is the thrust area of research. Hence, conjunctive use of water from different sources i.e., precipitation, canal water, ground water, surface water etc., is gaining attention. Thankabail et al. (2005) used near continuous time series remote sensing moderate resolution imaging spectrometer (MODIS) data to map the irrigated areas of the Indo-Gangetic region. Global irrigation mapping effort was undertaken by Siebert et al. 
Inland Water Quality
Information contained in remote sensing imagery is used to accurately quantify water quality constituents. Water quality refers to water property in terms of physical, chemical and biological characteristics. Pollutants in water surface changes the spectral signature of surface water. Remote sensing of water quality basically aims to measure these changes in spectral characteristics and relate these measurements with water quality parameters empirically or analytically (Fig. 11 ).
Major factor affecting water quality in land water bodies are suspended sediments (turbidity), algae (i.e., chlorophyll), chemicals (nutrients, pesticides, metals), dissolved organic matter (DOM).
According to Richie et al. (2003) , the general form of empirical equations (Schmugge et al., 2002) is
Where Y is remote sensing measurements Hyperspectral spectrometer with Narrow spectral channels are preferred for estimating the water quality parameters. Water quality measurements are important for addressing the issues of Ganga like rivers which are polluting with increasing population. There is need to further develop hyperspectral missions with high spectral and spatial resolution to quantify various water quality parameters.
Drought and Flood
Remote sensing techniques have been very useful in dealing with the natural disasters like droughts and floods which affect crop productivity, water availability and economy. Rain is a major causative factor in both the cases. Accurate and timely information on conditions of drought or floods helps in better planning in terms of preparedness, prevention and relief work. Early warning signals from satellite during drought in terms of depleting water levels in reservoir (using altimeter data) and prevailing low soil moisture conditions (using passive microwave radiometer data) over a large region help in mitigation activities. Monitoring of crop growth (using NDVI data) and surface temperature (using thermal infrared sensing data) provides information on water stress and evapotranspiration fluxes. National Agricultural Drought Assessment and Monitoring System (NADAMS) provides valuable satellite based information in operational management of droughts in India.
Flood is a devastating hazard which affects mankind. Heavy rain, snowmelt, dam failures cause floods. Non availability of optical data due to cloud cover over flood affected region is a major challenge in flood management. Observations from SAR help in monitoring the flood affected region (Fig. 12) . Hydrological models are used to forecast the flood inundation. Satellite data helps in monitoring the intensity and movement of a precipitating system. Rainfall, DEM, prevailing surface wetness condition, water level heights and land use-land cover derived from satellite data provide important inputs in modeling and forecasting the flood.
Conclusions and Future Directions
Remote sensing has made considerable progress in assessing the water resources of country and provide important inputs in modeling the water balance. Remote sensing started with photo-interpretation of images for site specific and regional areas and developed into operational system where satellite based hydro-meteorological product are available regularly and modeling is being carried out at national scale. Presently available Indian satellites Kalpana, INSAT-3A/3D, Resourcesat-1/2, RISAT-1, SARALAltika are providing enormous information related with rainfall, surface temperature, Land cover types and vegetation conditions, water spread and water level, water quality etc. regularly. Continuity of these missions along with NASA ISRO Synthetic Aperture Radar (NISAR) and GISAT Missions will further help in improvements in observational capability in future.
Present trend in remote sensing of hydrology is to develop improved methodologies for retrieval of various hydro-meteorological parameters from satellite data and assimilate the information in physically based distributed hydrological models. Integrating remote sensing derived inputs such as DEM, rainfall, crop growth parameters (Leaf area index), land use land cover, wetlands, soil moisture, snow cover area, vegetation indices, river network, cross sections, river water level fluctuations, insolation, Albedo etc. into semi-distributed and distributed hydrological models is a challenge. As volume of input data and computational requirements are enormous, use of these models has not yet reached the operational status in many developing countries. Future need in water management is to develop and assess the use of remote sensing methodologies, in combination with in situ data and hydrological models.
In future, there are requirements to improve the assessment of water level, soil moisture, Rainfall and evapotranspiration. Present capability of repetivity (10-35 days) for water level retrieval needs to be improved to daily. Availability of soil moisture need to be improved to 1 km with capability of soil moisture profiling. It is required to have LIDAR measurements for river bathymetry and submeter level DEM with high vertical accuracy for flood inundation studies. Present capability to measure rainfall need to be improved to 1km spatial resolution. Hydrological modeling need simultaneous measurement of LST, NDVI, Albedo and soil moisture to know ET at high spatial resolution. An integrated satellite system dedicated for Hydrological application is needed with simultaneous measurements from wide SAR, Nadir Altimeter, Passive Radiometer with active Rain Radar.
Archival and dissemination of remotely sensed data and scientific products are important dimensions of earth observation system. To ensure the utilization of Indian earth observation data and hydrological products, web based data archival and visualization systems are available on following major Geo Platforms of Indian Space Research Organization:
( These web portals provide information related to various hydrological products including rainfall, surface soil moisture, surface runoff, evapotranspiration, wetlands, River basin, snow and glaciers, inland water height of selected rivers / reservoirs and weather forecast.
